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WIND-TUNTEL MEASUREMENTS ON A LIFTING ROTOR 

AT HIGH THRUST COEFFICIENTS AND 

HIGH TIP-SPEED RATIOS 

By George E. Sweet, Ju l ian  L. Jenkins, Jr., 
and Matthew M. Winston 
Langley Research Center 

SUMMARY 

Results a r e  presented from an investigation of t h e  performance and s t a t i c  
s t a b i l i t y  character is t ics  of a 15-foot-diameter rotor  operating a t  conditions 
expected t o  produce large amounts of  blade s ta l l .  

Rotor forces, power, and flapping motions were recorded f o r  ro tor  tip-path- 
plane angles of a t tack  of  lo.?', O.5', and -9.3' a t  tip-speed r a t io s  from 0.25 
t o  0.36. Portions of the  data a re  compared with theore t ica l  calculations. 

A t  theoret ical ly  unstal led operating conditions, the agreement between 
measured and calculated ro tor  t h rus t  w a s  good. However, when rotor-blade s t a l l  
w a s  theoret ical ly  predicted, th rus t  measurements did not indicate the  large 
blade l i f t  losses predicted by theory. The measured p r o f i l e  power w a s  s ign i f i -  
cantly greater  than calculated for conditions i n  which no s t a l l  w a s  expected. 
The longitudinal ro tor  flapping did not show any sudden divergence when s t a l l  
w a s  encountered. The rotor  exhibited s tab i l iz ing  trends f o r  large changes i n  
angle of attack. 

INTRODUCTION 

Although rotary-wing a i r c r a f t  are normally designed t o  cruise  under condi- 
t ions  i n  which l i t t l e  or no rotor-blade s t a l l  i s  present, large portions of t he  
rotor  may s t a l l  during maneuvers, i n  gusty air, o r  i n  high-speed f l i g h t .  Future 
development of high-performance rotary-wing a i r c r a f t  with an all-weather capa- 
b i l i t y  depends upon a knowledge of t he  e f fec ts  of blade s t a l l  on ro tor  operation 
Because of t he  complexities involved i n  experimentally determining the  e f fec ts  
of blade s t a l l  on rotor-fuselage clearances, control requirements, s t a t i c  sta- 
b i l i t y ,  and performance, ana ly t ica l  procedures are desired. However, t he  appli- 
cab i l i t y  of ana ly t ica l  approaches i s  s t i l l  largely unverified f o r  conditions 
involving large mounts of blade s t a l l  and a t  high tip-speed ra t ios .  



Recently, wind-tunnel tests were conducted a t  t h e  Langley Research Center 
with a 15-foot-diameter ro tor  operating a t  conditions expected t o  produce large 
areas of blade s ta l l .  The purpose of these tests w a s  t o  provide a basis f o r  
fur ther  experimental and ana ly t ica l  study of t he  e f f ec t s  of blade s ta l l  and/or 
high tip-speed r a t i o s  on ro tor  aerodynamics and blade motions. 

Measurements of ro tor  forces, power, and flapping and feathering motions 
were made f o r  several  t h rus t  coeff ic ients  a t  tip-speed r a t io s  from 0.25 t o  0.56 
f o r  tip-path-plane angles of a t tack  of lO.5', 0.5', and -9.5'. Tests w e r e  a l so  
made t o  determine s t a t i c - s t ab i l i t y  derivatives with respect t o  velocity, and the  
e f fec ts  of large shaft-angle changes on ro tor  aerodynamics were investigated. 

Representative portions of t he  t e s t  data are compared with calculations 
based on simple and refined blade-element theories.  Photographs of tuf ts  
attached t o  the  ro tor  blades were made t o  a id  i n  interpretat ions of these com- 
pa r i  sons. 

A preliminary interpretat ion of a portion of these r e su l t s  i s  presented i n  
reference 1. 

SYMBOLS 

The posi t ive direct ions of forces and angles are shown i n  f igure 1. 

A, 

a '  

b 

bl 

CP 

CR 

blade col lect ive p i tch  angle; angle between l i n e  of zero l i f t  of blade 
section and plane perpendicular t o  axis of no feathering, deg 

angle between control axis and resultant-force vector i n  longitudinal 
plane, deg 

coeff ic ient  of -cos Jr i n  expression f o r  j3; hence, longitudinal tilt 
of ro tor  cone, posi t ive f o r  rearward tilt, deg 

number of blades 

coeff ic ient  of -s in  $ i n  expression f o r  j3; hence, l a t e r a l  tilt of 
ro tor  cone, posi t ive f o r  tilt toward advancing side, deg 

ro tor  in-plane drag (H force) coefficient,  H 
~ R ~ ~ ( R R ) ~  

equivalent hovering mean-lift coeff ic ient ,  - 6CT 
0 

P 
3 ~ s p ( R R ) ~  

power coefficient,  

rotor  resultant-force coeff ic ient  
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NRe 
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R 
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as 

aTpp 

B 

V 

P 

0 

\Ir 

T rotor thrust coefficient, 
K R ~  p (OR) 

Y 
x s p  (OR)* 

rotor side-force coefficient, 

blade section chord, ft 

equivalent parasite-drag area, sq ft 

longitudinal component of rotor resultant force perpendicular to shaft 
axis, lb 

equivalent rotor 

Reynolds number, 

power, ft-lb/sec 

rotor radius, ft 

rotor thrust, lb 

V lift-drag ratio, CT - 
CP - CP,p OR 

free-stream velocity, ft/sec 

rotor side force, lb 

section angle of attack, deg 

section angle of attack at rotor tip, deg 

rotor-shaft angle of attack, deg 

rotor tip-path-plane angle of attack; angle between flight path and 
plane perpendicular to axis of no flapping, deg 

blade flapping angle at particular azimuth position 
( p  = -al cos $ - bl sin Jr . . .), deg 

kinematic viscosity 

mass density of air, slugs/cu ft 

rotor solidity, bc/fiR 

blade azimuth angle measured from rearmost point of rotor in direction 
of rotation, deg 
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n rotor  angular velocity, radians/sec 

Subscripts: 

i induced 

0 p ro f i l e  

P paras i te  

S referenced t o  shaf t  a x i s  

APPARATUS 

The rotor  apparatus and photographic equipment as ins ta l led  i n  the Langley 
ful l -scale  tunnel a r e  shown i n  figure 2. 
ins ta l led  below the rotor  t o  minimize the problem of jet-boundary corrections. 

A large ground-reflection plane was 

Rotor 

The t e s t  rotor  was of a two-blade teeter ing type with no bui l t - in  coning. 
The rotor w a s  13.23 f ee t  i n  diameter with a constant chord of 1.16 f ee t  and a 
so l id i ty  of 0.0968. The blades were untwisted NACA 0012 a i r f o i l  sections. A 
0.23-inch s t r i p  of No. 60 carborundum grains (O.Ol2-inch mean grain diameter) 
w a s  sparsely dis t r ibuted along the blade span on the upper surface a t  the  10- 
percent chord s ta t ion.  
t e r i s t i c s  by f ixing the  t rans i t ion  point. 
effect  of this s t r i p  w a s  t o  increase the prof i le  drag t o  a value tha t  i s  repre- 
sentative of production-line blades i n  normal use. The blade s t i f fness  both i n  
bending and i n  torsion was large i n  re la t ion  t o  the rotor  loads; therefore, 
periodic twist due t o  a i r loads i s  believed t o  have been small. 

Its purpose was t o  avoid variations i n  section charac- 
It i s  believed tha t  the primary 

Instrumentation 

Rotor thrust  and torque were measured by strain-gage instrumentation loca- 
ted  within the rotor-support tower ( f ig .  3 ) .  This apparatus automatically cor- 
rected f o r  thrust  loads carried by the blade-pitch-change rods and f o r  the 
f r i c t ion  torque of the swash plate;  consequently, the t rue  rotor  thrust  and 
torque were recorded. The t o t a l  drag of the model w a s  measured with a mechan- 
i c a l  balance. Rotor longitudinal force was obtained by subtracting ta res  taken 
with the blades removed from the rotor-operating data. 
feathering motions were sensed by s t r a i n  gages and recorded on an oscillograph. 
A Fourier analysis was performed on these data t o  determine the first harmonic 
flapping and feathering coefficients.  
magnetic pickup and recorded on an oscillograph. 

Blade flapping and 

Rotor rotat ional  speed was sensed by a 

The overal l  accuracies of the  data a r e  believed t o  be within the following 
limits: 
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c T . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.00025 

c H . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.00015 
c y . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +-0.00020 

5 . .  +0.00002 
Rotor t i p  speed, f t / sec  . . . . . . . . . . . . . . . . . . . . . .  +1 
Rotor tip-speed r a t i o  . . . . . . . . . . . . . . . . . . . . . . .  a. 01 

and flapping motions, deg . . . . . . . . . . . . . . . . . . . .  +o .25 
Longitudinal cyclic pitch,  deg . . . . . . . . . . . . . . . . . . .  FO .50 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Shaft angle of attack, col lect ive pitch,  l a t e r a l  cyclic pi tch,  

T u f t  Photographs 

Multieqosure photographs of tufts attached t o  the rotor  blades were made 
with the camera and f l a s h  equipment shown i n  f igure 2. During one rotor revolu- 
t ion,  f i ve  exposures, spaced at intervals  of about 40° i n  azimuth on the 
retreat ing side of the  rotor  disk, were made. A n  additlonal f ive  exposures, a t  
intermediate azimuth positions, were made about lminu te  a f t e r  the f i r s t  
photographs. 

TESTS AND CORRECTIONS 

A l l  t e s t s  were run a t  a rotor  t i p  speed of about 215 f ee t  per second which 
corresponds t o  a hovering t i p  Reynolds number NRe of about 1.6 x 10 6 . 

Performance measurements were made a t  rotor  tip-path-plane angles of attack 
of -9.5O, 0.5', and 10.3O with the  tip-path plane trimmed normal t o  the shaft  
for a l l  thrust  sett ings.  Thi s  range includes negative power conditions not 
normally encountered i n  helicopter f l i gh t .  Several of these t e s t s  were repeated 
with tufts attached t o  the blades f o r  the purpose of obtaining photographic data. 

Measurements to,determine the s t a t i c - s t ab i l i t y  character is t ics  of the rotor 
were made for independent changes i n  velocity and shaft  angle of attack with the 
rotor  controls fixed. The i n i t i a l  trim condition w a s  taken as the case where 
the tip-path plane w a s  normal t o  the shaft  axis.  

The velocity changes were small (from 4 t o  6 f e e t  per second) so tha t  
s t a t i c - s t ab i l i t y  derivatives could be determined; however, the angle-of-attack 
increments were large,  and only the  gross ef fec ts  of angle-of-attack changes 
were determined. 

A stream-angle correction of 0.5O w a s  applied t o  a l l  data. No jet-boundary 
corrections were applied; wfth the tunnel configurations used, they should be 
negligible f o r  the present range of t e s t  conditions (ref .  2). 
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ME;THOD OF ANALYSIS 

The two types of calculations (simple and refined) that a re  compared with 
the measured data are based on blade-element theory with uniform inflow assumed. 
Measured tip-speed rat io ,  col lect ive pitch,  and longitudinal and lateral cyclic 
p i tch  were used i n  the calculaticns. 
u n t i l  the  calculated angle of a t tack of the  tip-path plane matched the  measured 
angle within k0.35’. 

The theore t ica l  inflow r a t i o  was varied 

Simple Theory 

The simple-theory calculations a re  based on the blade-element theory pre- 

Rather than use a constant mean-rotor-drag coefficient,  the changes 
sented i n  reference 3 .  A constant l i f t -curve slope of 5.55 per radian was used 
( re f .  4 ) .  
i n  the mean value due t o  l i f t  and forward velocity were estimated by use of the 
following equation ( r e f .  5 )  : 

from preliminary hovering t e s t s  of t h i s  rotor. Rotor flapping coefficients were 
determined by the  method of reference 6. 
cutout, and the  reversed veloci t ies  were not accounted f o r  i n  the simple 
calculations. 

Effects of  s t a l l ,  t i p  losses, blade 

Refined Theory 

The refined calculations were carried out on a high-speed, electronic data 
processing machine, which w a s  programed according t o  the  equations presented i n  
references 7 and 8. 
and the  reversed-velocity region. The blade-section character is t ics  used a re  
compared with two-dimensional section character is t ics  of the NACA 0012 a i r f o i l  
section (ref. 9 )  i n  f igure 4. It i s  believed tha t  the  differences between the 
measured section character is t ics  and those used i n  the calculations a re  within 
the range of appl icabi l i ty  of steady-state, two-dimensional data t o  the present 
rotor  calculations. The point a t  which blade-tip s ta l l  i s  predicted 

These equations account f o r  s ta l l ,  t i p  losses, blade cutout, 

> Eo) i s  indicated i n  the refined-theory curves. 
(%P 

Stat ic-Stabi l i ty  Derivatives 

The measurements f o r  determining s t a t i c  s t a b i l i t y  were first plot ted against 
the independent variable, velocity. 
w a s  then measured t o  obtain the derivative. The calculated derivatives were 
obtained i n  a similar manner from the calculated slopes. 

The slope through the i n i t i a l  t r i m  values 



PRESENTATION OF RESULTS 

The resu l t s  of t h i s  investigation are presented i n  the following order: 

Figure 
Measured rotor characterist ics:  

T o t a l r o t o r p o w e r .  . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Rotor drag force . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Rotor side force . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Equivalent rotor  flapping coefficients . . . . . . . . . . . . . . .  8 
Collective pi tch . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Equivalent parasite drag . . . . . . . . . . . . . . . . . . . . . .  10 
Equivalent rotor  l i f t -d rag  r a t i o  . . . . . . . . . . . . . . . . . .  11 

Plots of measured and calculated performance against 
tip-speed r a t i o  for  measured thrus t  coefficients 
of 0.0035 and 0.0070: 
c[Tpp=10.5 o . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

a T p p = o . 3 0 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
C [ T ~ ~ = - ~ . ~ O  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

Plots of ra t ios  of measured thrust  t o  calculated thrus t  
against FL and plots  of r a t io s  of measured prof i le  
power t o  calculated prof i le  power against EL . . . . . . . . . . . .  15 

Measured and calculated longitudinal flapping coefficients . . . . . .  16 
Changes i n  tuf t  flow patterns with increases i n  l i f t  . . . . . . . . .  17 
Overlays of contours of constant section angle of a t tack 

Sunrmary plots  of angle-of-attack s t a b i l i t y  measurements . . . . . . . .  19 
on t u f t  photographs . . . . . . . . . . . . . . . . . . . . . . . . .  18 

Measured and calculated angle-of-attack s t a b i l i t y  measurements . . . .  20 
Variation of speed-stabil i ty derivatives with tip-speed r a t i o  . . . . .  21 

RESULTS AND DISCUSSION 

Measured Rotor Characteristics 

Measured rotor  character is t ics  a re  presented i n  figures 5 t o  11. Signifi-  
cant e f fec ts  of high drag of the re t rea t ing  blades, associated with blade stall,  
are shown i n  figures 6, 7, and 10. For example, the large rotor  propulsive 
capability, equivalent t o  about 3 square f e e t  of parasite-drag area, a t  a t i p -  
path-plane angle of a t tack  of O.?', i s  a t t r ibu ted  t o  large drag forces on the 
re t rea t ing  blades ( f ig .  10). The large ro tor  side forces, about the same as the 
rotor  drag forces H, a lso indicate high blade drag a t  azimuth angles from 270° 
t o  360° ( f ig .  7). 

The variation of the equivalent rotor  l i f t -d rag  r a t i o  with thrus t  coeffi-  
c ient  i s  given i n  figure 11. This r a t i o  i s  a measure of rotor  efficiency. Note 
tha t  f o r  the range of conditions investigated, the maximum thrust ing efficiency 
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occurs a t  a thrus t  coeff ic ient  of about 0.005. The rapid decreases i n  rotor 
efficiency f o r  CT > 0.005 
re t rea t ing  blade drag. 

are  the r e su l t  of the previously noted increases i n  

Most of the l i f t -d rag  ratios'shown are  lower than those generally reported 
fo r  ful l -scale  l i f t i n g  rotors, par t icular ly  at the negative a t t i tude .  
example, r e f .  3, pp. 240-243.) 
i n  the t e s t s  of profile-power increases pr ior  t o  conditions for  stall .  

(See, for  
This resu l t  i s  i n  keeping with other indications 

Comparison of Measured and Calculated Rotor Performance 

Comparisons of measured and calculated variations i n  thrust ,  power, 
and blade flapping motions with tip-speed r a t i o  a re  shown i n  figures 12, 13, 
and 14 for  measured thrus t  coefficients of 0.0035 and 0.0070. 
trate s ignif icant  trends shown i n  these figures, the measured thrust ,  p rof i le  
power, and longitudinal flapping are  compared with refined-theory calculations 
i n  figures 15 and 16. 

To fur ther  i l l u s -  

Thrust.- A t  the lower thrust  coefficient (0.0035), no s ta l l  w a s  anticipated, 
and the theoret ical  th rus t  values are  i n  reasonable agreement with the measure- 
ments ( f igs .  l3(a) and 14 (a ) ) .  
commencement of s ta l l  i s  indicated, and, as expected, the simple theory predicts 
greater thrust  than was measured. 
reversed veloci t ies  as well as s t a l l .  Generally, a t  the higher tip-speed ra t ios  
where more blade s ta l l  w a s  indicated, thrust  calculated by the refined theory 
underpredicted measured values. These differences a re  interpreted as a delay 
i n  measured l i f t  loss .  A t  specific rotor tip-path-plane angles of attack and 
tip-speed rat ios ,  these differences are  large.  (See f ig .  15.) For example, a t  
a measured mean-lift coeff ic ient  of 0.72, 
measurements indicate about 30 percent more thrus t  than the refined theory pre- 
d ic t s .  Trends showing delays i n  l i f t  loss ,  fo r  conditions a t  which s ta l l  w a s  
theoret ical ly  predicted, w e r e  a l s o  noted i n  references 10 and 11. 

A t  the higher th rus t  coefficient (O.OO7), the 

These differences a re  due t o  the neglect of 

ai,,pp = 0.5', and V/m = 0.246, the 

Power.- The measured t o t a l  power coefficient Cp and the rotor power 
are  considerably greater than calculated values; t h i s  coefficient Cp,i + C P , ~  

i s  par t icular ly  t rue near the predicted onset of s ta l l .  (See f ig s .  12, 13, 
and. lk . )  
time-averaged, uniform-inflow basis, the earlier-than-predicted increase i n  
measured power can be a t t r ibu ted  t o  the prof i le  power alone. Ratios of measured 
prof i le  power t o  calculated prof i le  power (based on refined theory, f ig .  13) 
not only indicate tha t  differences between measurements and calculations are  
large, but t ha t  these differences commence a t  re la t ive ly  low l i f t  coefficients.  
(See f ig .  15.) A n  analysis of wind-tunnel t e s t s  of a 44-foot-diameter rotor  
indicates s i m i l a r  increases i n  measured prof i le  power pr ior  t o  the predicted 
onset of s ta l l  ( r e f .  la). 
because the present calculations do not consider the e f fec ts  of surface rough- 
ness, Reynolds number, Mach number, or time r a t e  of change of section angle of 
a t tack on the angle at  which s ta l l  occurs. Also, it i s  suggested i n  refer-  
ence 12 tha t  consideration of the effects  of nonuniform inflow and instantane- 
ous induced veloci t ies  may be important i n  calculating induced power. This 

With the usual assumption tha t  induced power can be predicted on a 

Some differences would be expected, of course, 
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earlier-than-expected r i s e  i n  prof i le  power has not always been noted i n  rotor 
performance tests. (See refs .  13 and 14, for  example.) 

In general, the calculated and measured parasite power are  i n  poor agree- 
ment ( f igs .  12(b), l3(b),  and 14(b) ) .  
t ha t  both the simple- and refined-theory calculations predict  the rotor t o  be 
capable of producing a greater horizontal force than tha t  measured for  a given 
collective pi tch and rotor  a t t i tude .  The improved agreement of the refined 
theory with measurement f o r  a thrus t  coefficient of 0.007 a t  tip-path-plane 
angles of a t tack of 10.5' and 0.5' r e su l t s  from predicted high section-drag 
coefficients on the re t rea t ing  side of the rotor disk. 

The significance of these comparisons i s  

Flapping.- The differences between measured and calculated longitudinal 
flapping are  i n  accordance with other stall  trends discussed (f igs .  12(c),  
l3 (c) ,  14(c), and 16). The absolute values of measured and calculated longi- 
tudinal flapping show some correlation; however, there a re  noticeable differ-  
ences i n  the ra tes  a t  which the flapping increases with rotor  l i f t .  These d i f -  
ferences are most pronounced a t  the nose-up rotor  a t t i tude  ( f ig .  16(a)).  

The lateral flapping character is t ics  a re  shown i n  figures 12(c),  13(c), 
and 14(c).  
the occurrence of l a t e r a l  flapping can be accounted for  by a small amount of 
blade bending and a longitudinal variation of inflow. 

Although the blades were s t i f f  and the rotor  had no bui l t - in  coning, 

Correlation of Tuft Photographs With Performance Results 

Tuft photggraphs showing the e f fec ts  of increases i n  rotor  l i f t  on t u f t  
flow patterns are presented i n  figure 17 for  an average tip-speed r a t i o  of 0.246. 
The photographs taken at  zero mean-lift coefficient ( f igs .  l 7 (b )  and l 7 ( c ) )  are  
intended t o  serve as a guide f o r  evaluating the e f fec ts  of blade l i f t  on the 
t u f t  patterns.  

T u f t  position a t  zero l i f t  i s  dependent not only upon the instantaneous 
direction of flow, but a l so  upon the centrifugal forces act ing on the t u f t s .  
Although spanwise boundary-layer flow due t o  centrifugal pumping may a l so  have 
an e f fec t  on tuft position, the e f fec t  i s  believed t o  be s m a l l  a t  zero l i f t .  
(See re f .  15.) 

In  general, it i s  impossible t o  separate the various flow ef fec ts  on the 
t u f t s  at  high l i f t  coefficients;  however, where the ends of the tufts point 
toward the leading edge or where they a re  l i f t e d  from the blade surface (casting 
a shadow), the predominant e f fec t  i s  believed t o  be loca l  flow separation. 
some instmces,  the t u f t s  may have l i f t e d  from the blade surface but did not 
cas t  a shadow because of the flash-lamp orientation. T u f t  photographs taken 
during repeat t e s t s  a re  generally i n  good agreement with those presented herein. 
However, some differences i n  tuf t  position, par t icular ly  f o r  the rad ia l ly  or i -  
ented tuf t s ,  were noted a t  the higher mean-lift coefficients; t h i s  suggests t ha t  
the flow w a s  unsteady and possibly separated. 

In  

L i f t . -  Calculated contours of section angles of a t tack a re  presented i n  
f i g u r a .  ID the azimuth region from 180' t o  240' the contours indicate 
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- 
local section angles of attack as high as 20' at 
howexer, a comparison of the tuft photograph at this lift coefficient with that 
at CL = 0.530 (fig. 18(a)) shows that no appreciable flow change was present. 
The spacing of the contours in figure 18(b) suggests very high rates of increase 
of section angles of attack in this region. Such time-rate increases in angle 
of attack for wings have been shown to result in delays in flow separation to 
angles greater than the steady-state stall angle, with accompanying instantaneous 
lift greater than the maximum steady-state value. 
recently, these trends have been shown to exist for rotors (ref. 19) .  
mental results important in understanding this effect on rotors are presented 
in reference 20. The results indicate that airfoils oscillating at mean angles 
of attack equal to or less than the steady-state stall angles produce a time- 
averaged lift approximately equal to the steady-state lift at the mean angle of 
attack, even though the instantaneous angles greatly exceeded the steady-state 
stall angle. The changes of blade-section angles of attack during one rotor 
revolution are somewhat analogous to these airfoil oscillations. However, it is 
not known if the inclusion of unsteady airfoil section characteristics in rotor 
calculations would completely explain the delay in flow changes indicated by the 
tufts or the delays in lift loss shqwn in figure 15. 

CL = 0.816 (fig. 18(b)); 

(See refs. 16 to 18.) More 
Experi- 

Profile power.- The calculated contours of section angles of attack shown 
in figure 18(a) indicate that the rotor is operating with only a slight amount 
of blade-tip stall (cL = 0.330, = 0.5O,  V/QR = 0.246). However, tuft 
patterns and the ratios of measured profile power to calculated profile power 
(fig. l5(b)) indicate that a large amount of local flow separation and/or an 
equivalent drag-producing flow was present for this condition. 
explore possible explanations for these differences, an approximate analysis 
using time-averaged nonuniform inflow theory was made (ref. 1). 
accounted for only a portion of the differences between measured and calculated 
profile power. 
expected. 

In order to 

This analysis 

However, it did show additional areas in which stall should be 

At present it is not known if power increases due to centrifugal pumping 
or time-rate changes in section angle of attack would significantly affect 
power requirements. Other factors contributing to differences between measured 
and calculated profile power have been discussed previously. 

Static Stability With Angle of Attack 

Measurements for large changes in rotor-shaft angle of attack were made at 
initial trim rotor tip-path-plane angles of attack of -9.5' and 0.5'; that is, 
the rotor was initially trimmed normal to the shaft, and the shaft angle of 
attack was then increased in 5O increments with the rotor controls fixed. 

Incremental changes in the measured data from the trim values are presented 
As with the per- 

ACT 

in figure 19 for average tip-speed ratios from 0.246 to 0.538. 
formance measurements, the thrust increments did not show the thrust losses 
expected when stall was believed present. 
curves in fig. 19.) Also, unexpected decreases in the angle of the resultant- 
force vector a' were noted for increases in shaft angle. These trends 

(Note the linearity- of the 
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indicate rotor s t a b i l i t y  with a change i n  angle of a t tack f o r  a fuselage center 
of gravity located below the rotor  plane. 

Data f o r  two representative thrust conditions are compared with calcula- 
t ions i n  figures 20 and 21. 
trimmed CT 
section stall .  Increases i n  shaf t  angle of attack, as discussed previously, did 
not r e su l t  i n  the decrease i n  the r a t e  of change of thrust  predicted by refined 
theory. On the other hand, the power coefficients indicate a power r i s e  above 
tha t  predicted by the simple unstalled theory. This power r i s e  occws primarily 
on the retreat ing side of the ro tor  disk, as i s  evidenced by a reversal  of the 
in-plane drag coefficient CH. Reversals of rotor in-plane force and, conse- 
quently, the angle of the resultant-force vector have a l so  been noted i n  other 
rotor  t e s t s .  

Figure 20(a) presents data taken fo r  an i n i t i a l  
of 0.0045, which i s  below the theoret ical  onset of rotor  blade- 

(See, f o r  example, re fs .  21 and 22.) 

The rotor  longitudinal flapping coefficients a1 give fur ther  indication 

the changes i n  longitudinal flapping are  predicted 

tha t  t h i s  rotor did not s ta l l  in the manner predicted by the refined theory: 
for  example, a t  

almost exactly by the simple unstalled theory. 

2 = 0.25 L?R 

The combination of increasing thrust ,  decreasing in-plane force, and small 
posit ive changes i n  longitudinal flapping i s  by def ini t ion a trend toward angle- 
of-attack s t ab i l i t y .  This trend i s  exhibited by the decrease i n  a '  with 
increasing shaf t  angle of attack. Note tha t  the refined-theory calculations 
show a perceptible dip i n  the curve of Aa' for  the range of shaf t  angles at 
which the rotor  w a s  not severely s ta l led.  In  order t o  es tabl ish the sens i t iv i ty  
of the a'  calculation t o  the two-dimensional section characterist ics,  several 
calculations were made with different  section data for  blade-section angles 
greater than 12'. 
resu l t s  were noted: 
i n  the calculated @a' curve was increased and the values became negative. By 
assuming a constant l i f t -curve slope and by using the increased section-drag 
coefficients,  calculated values of @a' produced essent ia l ly  the same trends as 
the measured data. 

These calculations are  not presented herein, but the following 
For a small increase i n  section-drag coefficient,  the dip 

Figure 20(b) presents data f o r  an i n i t i a l  trim thrust  coefficient CT 
of 0.0090 which, according t o  theory, should be a s t a l l ed  condition. A compari- 
son of the ra tes  of change of th rus t  with shaf t  angle of a t tack f o r  the two t e s t  
conditions (CT = 0.0045 
indicates no appreciable decrease i n  slope fo r  the higher th rus t  condition where 
blade-section s ta l l  i s  expected t o  be more severe. The larger  negative incre- 
ment of the resultant-force-vector angle a t  the higher th rus t  condition, however, 
does indicate a greater increase i n  the drag force on the re t rea t ing  side of the 
disk than w a s  noted at  the lower thrust. 

and CT = 0.0090) shown i n  figures 20(a) and 20(b) 

It shod:- not be taken fo r  granted tha t  these s tab i l iz ing  trends will occur 
' on f l i g h t  vehicles; fo r  example, adverse periodic t w i s t  (contributing instabi l -  

However, there are  indications i t y )  i s  t o  be expected on more f lexible  blades. 
i n  the t e s t s  of the 44-foot-diameter rotor  of reference 1 1 t h a t  these trends did 
exist ,  although t o  a l e s se r  degree than noted herein. 

11 
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,, , , , ,, , . . ..------ 

Static Stability With Speed 

Measured and calculated statjc stability, with respect to velocity changes, 
is presented in figure 21 for trim thrust coefficients of approximately 0.0045. 
A rearward tilt of the resultant-force vector for an increase in forward speed 
is defined as a stable variation i.e., a rearward tilt opposes the increase io 

speed, > 0). As expected, both measurements and calculations indicate 

that the rotor is statically stable with speed for the conditions investigated. 
In some early stability analyses it was found convenient to ignore the rotor in- 
plane drag coefficient 
represented changes in the resultant-force-vector tilt a'. Note the good 
agreement between measured al and a' derivatives at low tip-speed ratios. 
However, the present results and theoretical studies (ref. 2 3 )  indicate that 
this assumption can result in large errors. The differences between al and 
a' derivatives at higher tip-speed ratios always reflect the effects of in- 
plane rotor drag. 
a' derivative at a constant value of a$pp of 10.5' is primarily due to a 
trend for the rotor drag to decrease because of the high drag of the retreating 
blades. 
show consistent correlations with the derivatives obtained from measured data 
when stall was expected. 

( aa' 
a ( V/RR 1 

CE and assume that changes in longitudinal flapping 

For example, the trend toward instability with speed of the 

As with the performance comparisons, the calculated derivatives did not 

SUMMARY OF FESULTS 

Results of wind-tunnel tests of a lifting rotor operating at conditions 
expected to produce large amounts of blade stall indicate that: 

1. At conditions free of calculated blade stall, the measured and calcula- 
However, when stall was theoretically pre- ted thrusts were in good agreement. 

dicted, the measured thrust indicated a delay in lift loss. 

2. For conditions near the onset of stall, measured rotor profile power was 
significantly greater than predicted by theory. 

3 .  Calculated rotor propulsive forces, for a given collective pitch and 
rotor attitude, were greater than measured. 

4. The longitudinal rotor flapping did not show any sudden divergence when 
stall was encountered. 

5. Stall inducedby large changes in shaft angle of attack caused the rotor 
to exhibit stabilizing trends for large changes in shaft angle of attack. 

The extent to which these interesting (and in many cases unexpected) trends 
at extreme thrust and stall conditions are peculiar to the test airfoil section 
and Reynolds amber is not known. 
use, and the Reynolds number is the same as that for some small-size helicopters. 

However, the airfoil section is in common 
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In view of these facts ,  these t e s t s  indicate tha t  very small helicopters, at 
least, may not react as expected when blade stall i s  present. Also, an examina- 
t ion  of other t e s t  resu l t s  indicates t ha t  some of these trends can be expected 
t o  appear i n  varying degrees with larger  rotors.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., June 17, 1964. 
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(a) Side view. (b) Rear view. 

Figure 1.- Notation showing the positive directions of forces and angles. 
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Figure 2.- General view of the t e s t  equipment. L-62-3093.1 



Figure 3.- Force measuring system. L-58-621a.l 
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Figure 20.- Comparison of changes in measured and calculated rotor static stability for large changes 
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